INTRODUCTION
Millions of people worldwide are exposed to arsenic in their drinking water (Nordstrom 2002) , and ingested arsenic is an established cause of bladder, lung, and skin cancer (IARC 2012; IARC. 2004) . In addition to cancer, arsenic in water has also been associated with cardiovascular disease, skin lesions, diabetes, reproductive disorders, cognitive deficits in children, and other health effects (Naujokas et al. 2013; NRC 1999) . The cancer risks from arsenic in drinking water may be high. The National Research Council (NRC) has estimated that the excess cancer risk associated with lifetime exposures to arsenic at the US regulatory drinking water standard of 10 μg/L may be close to 1 in 300 (NRC 2001) . This is about 30 to 300 times higher than the cancer risks estimated for exposure to all other known drinking water carcinogens at concentrations equal to their current US regulatory standards (Smith et al. 2002) . Risks may be even higher in susceptible groups, and marked variation in susceptibility to arsenic-related disease appears to exist (Smith and Steinmaus 2009 ). Importantly, these risks are estimated based on extrapolations from studies where many people had arsenic water concentrations well above 200 μg/L. As such, the true cancer risks and the impacts of various susceptibility factors at arsenic water concentrations <200 μg/L are mostly unknown (Celik et al. 2008; Gibb et al. 2011) . This is important, since many people in the US and worldwide have arsenic in their water at these lower concentrations.
The primary metabolic pathway of ingested inorganic arsenic (iAs) in humans is methylation (Vahter 2002) . Once ingested, iAs is methylated to monomethylarsonic acid (MMA5), which is reduced to monomethylarsonous acid (MMA3). MMA3 is then methylated to dimethylarsinic acid (DMA5), a small amount of which is then reduced to dimethylarsinous acid (DMA3). In humans, this process is not complete, and some arsenic remains as iAs and MMA (MMA3 and MMA5) (Hopenhayn-Rich et al. 1993) . Almost all ingested arsenic is excreted through the urine and the relative distribution of arsenic metabolites in urine is commonly used as a biomarker of how well an individual can fully methylate ingested iAs (NRC 1999) . Typically, ingested iAs is excreted as 10-20% iAs, 10-15% MMA, and 60-75% DMA. However, large inter-individual variations exist.
In the past, methylation of iAs was thought to be primarily a detoxification pathway since the methylated species most commonly found in human urine, MMA5 and DMA5, are more water soluble, more readily excreted, and less acutely toxic than iAs (Gebel 2002) . However, MMA3 is much more toxic in vitro than its pentavalent form, and may be more toxic than iAs (Mass et al. 2001; Styblo et al. 2002) . MMA3 is highly unstable and rapidly oxidized to MMA5 in urine, and is therefore extremely difficult to measure in field studies (Kalman et al. 2013) . However, epidemiological studies have reported associations between the proportion of total MMA (MMA3 plus MMA5) in urine (%MMA), and the risks of several arsenic-related diseases including bladder cancer, skin cancer, and arsenic-caused skin lesions (Smith and Steinmaus 2009) . As a whole, these studies provide a highly consistent body of evidence linking methylation capacity and %MMA to arsenic-related disease risks. Currently, however, relatively little data is available for lung cancer. This is important since lung cancer is the number one cause of arsenic-related death .
In this study, we investigated the association between arsenic methylation capacity and lung and bladder cancer by collecting detailed information of past arsenic exposure and potential confounders like smoking and occupation, and measuring urinary arsenic metabolites in 94 lung and 117 bladder cancer cases, and 347 population-based controls from regions in northern Chile with a wide range of arsenic drinking water concentrations. Because of its dry climate, small number of individual water sources, and availability of historic arsenic water concentration records for all cities and towns with many dating back 50 years or more, this area offers one of the best areas in the world to investigate the long-term health effects of arsenic exposure. Using the same subjects that are used in the analyses presented here, we recently reported major increases in both bladder and lung cancer related to arsenic water concentrations in this area, although data on methylation were not reported .
METHODS
The participants of this study were a subgroup of subjects from a recently completed casecontrol study of arsenic and cancer, and detailed methods are provided elsewhere . Briefly, the study area comprised two contiguous regions (Regions I, II) in northern Chile with a total population of 922,579 (Instituto Nacional de Estadisticas 2012). These regions include cities with a wide range of arsenic water concentrations but with similar socio-demographic characteristics (Smith et al. 2012) . The cancer cases in the original study included all people who: 1. Had primary lung or bladder cancer first diagnosed between October 2007 and December 2010; 2. Lived in the study area at the time of diagnosis; 3. Were over age 25 years at the time of diagnosis; and 4. Were able to provide interview data or had a close relative who could. Cases were ascertained from all pathologists, hospitals, and radiologists in the study area. Relatively few long-term residents leave the study area for all of their medical care, since the nearest large medical facilities are in Santiago, 675 miles away. Most cases were histologically confirmed (98% for bladder cancer and 72% for lung cancer), with the remaining diagnoses based on a combination of radiologic (computed tomography) and physician's clinical findings. Controls, frequency matched to cases by sex and five-year age groups, were randomly selected from computerized voter registration lists for the study area. These lists contained >95% of people over age 50 years compared to the Chile national census. For the methylation portion of the study, subjects had to be alive at the time of the interview and able to provide a urine sample. This study was approved by ethical review boards in the US and Chile, and informed consent was obtained from all participants.
All participants were interviewed using a standardized questionnaire. Participants were asked to provide all residences lived in ≥6 months, all jobs held ≥6 months, and information on specific exposure to agents linked to lung and bladder cancer, including asbestos, silica, and other workplace carcinogens. Questions regarding tobacco covered age when smoking began, periods quit, total years smoked, packs smoked per week, as well as secondhand smoke exposure as a child and adult. Questions regarding body-mass index included height and typical weight currently, 20, and 40 years ago. Subjects were also asked about all medical conditions and medications. Subjects were asked their typical drinking water intake currently, 20, and 40 years ago, including tap water used for coffee and tea. However, because the range in arsenic water concentrations in the study area (<10 to >800 μg/L) was much greater than the range in drinking water intakes, drinking water intake data had little impact on categorizing exposure so were not used in the analyses presented here.
Lifetime arsenic exposure in water was assessed as follows: For each subject, each city or town of residence was linked to a water arsenic measurement so that an arsenic concentration could be assigned to each year of the subject's life. These yearly concentrations were then used to develop several metrics of exposure, including lifetime maximum, lifetime average, highest average for any contiguous five-year period, and cumulative exposure (calculated by summing the yearly averages). Exposure metrics using various lag periods (e.g., 5, 20, and 40 year lags) were also assessed. Arsenic water measurements from government agencies, research studies, and other sources were available for >97% of the study area and >90% of all subject residences. Until recently, few people drank bottled water or used water filters, and few people obtained water from a private well. Water arsenic concentrations were also available for all large cities in Chile outside the study area, and these were also linked to residences, although almost all involved arsenic concentrations <10 μg/L. Residences for which water records were not available were all in areas not known to have high arsenic levels, so were assigned a value of zero.
A single first morning urine sample was collected from each subject by study personnel during home visits. A previous study has shown that a moderately strong correlation exists between arsenic concentrations in single first morning samples and samples collected over 24 hours (Calderon et al. 1999) . Urine samples were kept frozen in field laboratories at −20° C for 2-4 weeks, then transported to the main study office in Chile for longer-term storage at −80° C. Most samples were stored frozen for one to four months before analysis. Samples were then transported on dry ice to the University of Washington, Seattle, where urinary concentrations of iAs and its metabolites were measured using high performance liquid chromatography and inductively-coupled mass spectrometry (HPLC-ICP/MS). Urinary metabolites were measured in the first 558 subjects from the original study that provided urine. Quantitation limits were: MMA3, 0.5 μg/L; iAs3, 1 μg/L; DMA5, 5 μg/L; MMA5, 1 μg/L; iAs5, 2.5 μg/L; total arsenic, 1 μg/L; and arsenobetaine, 1 μg/L. Further details of the laboratory methods are described elsewhere (Kalman, Dills 2013) . We attempted to measure MMA3 in all samples using the methods described previously (Kalman et al. 2013 ). However, MMA3 was only found in a few subjects' urine, despite continual low temperature and other measures meant to prevent or minimize oxidation of this inherently unstable metabolite. For this reason, our data analyses focused on total MMA (MMA3 + MMA5).
The proportion of arsenic in each species in urine (%iAs, %MMA, and %DMA) was calculated by dividing the concentration of arsenic in each species by the sum of the concentrations of iAs, MMA, and DMA. Because MMA3 appears to be highly toxic in vitro and because previous studies have linked %MMA to risks of other arsenic-related diseases, the focus of our analyses was on %MMA, although results for %iAs and %DMA are also presented. Lung and bladder cancer odds ratios (OR) for various categories of %iAs, %MMA, and %DMA were calculated using unconditional logistic regression. In order to more readily compare our results to those of other studies, subjects in the upper tertile of %MMA or %iAs were initially compared to subjects in the lower two tertiles combined, although ORs for each tertile individually and for %MMA as a continuous variable are also presented. Variables entered into logistic regression models included sex, age (as a continuous variable), and smoking (highest cigarettes per week) (Lubin et al. 2007) . Entering other variables such as mining work, current body-mass index (BMI) (above or below 30 kg/m 2 ), secondhand smoke exposure, and tertiles of socioeconomic status (SES) scores, or entering smoking as pack-years, BMI as a continuous variable, or BMI from 20 or 40 years ago had little impact on results. Adjusting for arsenic water concentrations (entered as either average, highest, or cumulative exposure) also had little impact on results. In order to evaluate the effects of arsenic metabolism in subjects exposed to lower arsenic water concentrations, analyses were stratified by the subjects highest five-year contiguous average arsenic water concentration, excluding the five years before cancer diagnosis (cases) or interview (controls). A cut-off point of 200 μg/L was chosen for this stratification since this divided the subjects into two approximately equal sized groups. All data analyses were done using STATA statistical software program (version 12.1, STATACorp LP, College Station, TX). All p-values are two-tailed.
RESULTS
For this study, 94 lung cancer cases, 117 bladder cancer cases, and 347 control subjects were selected from the 937 living subjects in the original case-control study. Participants in the methylation portion of the study were similar to non-participants in terms of age, gender distribution, SES, smoking, lifetime average arsenic concentration in water, and other factors (Table 1S) . Table 1 shows the socio-demographic characteristics and arsenic exposure information of the lung and bladder cancer cases and controls in this study. Cases tended to be smokers (the percentages of ever-smokers among controls, bladder, and lung cancer cases were 64, 79, and 81%, respectively) and have higher arsenic exposures than controls (the percentages of subjects with highest 5-year average arsenic water concentrations >200 μg/L among controls, bladder, and lung cancer cases was 16, 38, and 38%, respectively). Controls tended to be older than bladder and lung cancer cases (38, 32, and 28% over age 70 years, respectively), were more likely to be of non-European descent (27, 10, and 13% non-European descent, respectively), and were more likely to be women than bladder cancer cases (31 and 21%, respectively).
The mean proportions of each arsenic species stratified by case status, gender, smoking, age, and urinary arsenic concentration are shown in Table 2 (all subjects) and Table 7S (controls  only) . In all subjects, mean %MMA values were higher in lung and bladder cancer cases than in controls. The mean %MMA in controls, lung, and bladder cancer cases were 10.2, 12.6, and 11.2%, respectively (p-values <0.05). The mean %MMA for men and women were 11.2 and 9.8%, respectively (p=0.001). A small correlation was seen between total urinary arsenic concentration (the sum of iAs, MMA, and DMA) and %iAs (R=0.10, p=0.02), but not %MMA or %DMA and not in analyses restricted to controls (Table 7S) . Tables 3 and 4 display the unadjusted and adjusted ORs for the association between lung and bladder cancer and urinary %MMA. The lung cancer OR adjusted for age, gender, and smoking for subjects with a %MMA in the upper tertile compared to subjects in the lower two tertiles was 2.32 (95% confidence interval (CI), 1.42-3.77, p<0.001). For bladder cancer, the corresponding OR was 1.41 (95% CI, 0.89-2.23, p=0.14). With additional adjustment for arsenic water concentrations (highest five-year contiguous average) these ORs were 2.32 (95% CI, 1.40-3.87) for lung cancer and 1.53 (95% CI, 0.94-2.49) for bladder cancer (not shown in tables). In analyses stratified by sex and smoking, ORs are somewhat higher in females than males and never-smokers than ever-smokers, although the differences were not statistically significant (Figure 1) . Tables 3 and 4 also show the lung and bladder cancer ORs, comparing subjects in the upper tertile of %MMA to those in the lower two tertiles, stratified by highest 5-year average arsenic water concentrations. The reference group in these calculations were subjects who had a %MMA value in the lower two tertiles and who had a highest 5-year average arsenic drinking water concentration <200 μg/L. For lung cancer, those with a %MMA in the upper tertile and arsenic water concentrations <200 µg/L had a lung cancer OR of 2.48 (95% CI, 1.08-5.68), while those with a %MMA in the upper tertile who had arsenic water concentrations >200 µg/L had a lung cancer OR of 6.81 (95% CI, 3.24-14.31). For bladder cancer, those with a %MMA in the upper tertile and who had arsenic water concentrations <200 μg/L had an OR of 2.37 (95% CI, 1.01-5.57), while those with a %MMA in the upper tertile and who had arsenic water concentrations >200 μg/L had a bladder cancer OR of 6.96 (95% CI, 3.27-14.79). Similar results were seen in analyses stratified by highest known, lifetime average, and cumulative arsenic exposure (Tables 8S-13S ). Median arsenic water concentrations in subjects in these analyses with arsenic water concentrations above and below 200 μg/L were approximately 850 and 60 μg/L, respectively (Table 2S) . Table 5 shows lung and bladder cancer ORs for each tertile of %MMA, using subjects in the lower tertile as the reference group. Evidence of dose-response patterns with increasing %MMA were seen for both cancers. The adjusted ORs for lung cancer for the middle and upper tertiles of %MMA were 1.91 (95% CI, 0.99-3.67) and 3.26 (95% CI, 1.76-6.04), respectively (Table 5 ) (p-trend <0.001). The corresponding ORs for bladder cancer were 1.81 (95% CI, 1.06-3.11) and 2.02 (95% CI, 1.15-3.54), respectively (p-trend <0.001). In analyses entering %MMA as a continuous variable, each one percent increase in %MMA (e.g., from 10% to 11%) was associated with an 11% (95% CI, 5-17%) and 4% (95% CI, 0-9%) increase in lung and bladder cancer ORs, respectively (Table 5) .
Elevated ORs remained after further adjustments for potential confounders other than sex, age, and smoking. For example, the sex, age, and smoking adjusted lung cancer OR for the upper tertile of %MMA was 2.32 (95% CI, 1.42-3.77), while the corresponding OR adjusted for age, sex, smoking, body mass index (obese vs. non-obese), SES score (lower tertile), secondhand tobacco smoke, race, and self-reported silica and asbestos exposure was 2.21 (95% CI, 1.32-3.69, p=0.002).
Analyses evaluating %iAs and %DMA are shown in Supplementary Tables 3S-6S. The bladder cancer OR for subjects with a %iAs in the upper tertile compared to subjects in the two lower tertiles was 0.27 (95% CI, 0.15-0.46). In subjects with 5-year highest average water concentrations <200 μg/L, this OR was 0.38 (95% CI, 0.15-1.02) (Table 4S ). MMA3 was assessed in all samples but only above detection (>0.1 μg/L) in two lung cancer cases (mean=0.22 μg/L; standard deviation (SD)=0.41 μg/L), two bladder cancer cases (mean = 0.25 μg/L; SD=0.44 μg/L), and five controls (mean =0.19 μg/L; SD= 0.11 μg/L).
DISCUSSION
Overall, the elevated lung and bladder cancer ORs identified in subjects with higher %MMA values in this study provides evidence that people who are less effective at methylating MMA to DMA are at greater risk of arsenic-related cancer than others. In addition, the lung and bladder cancer ORs of 2.48 (1.08-5.68) and 2.37 (1.01-5.57), respectively, that we identified in subjects with %MMA in the upper tertile but with arsenic water concentrations <200 μg/L, suggests that arsenic metabolism plays an important role in susceptibility even in people exposed to lower drinking water arsenic concentrations. These latter findings are important since most previous evidence linking ingested arsenic to cancer have involved arsenic water concentrations >200 μg/L (Celik et al. 2008; Gibb et al. 2011; NRC 1999) . Overall, the low p-values, the presence of dose-response relationships, and the consistency with other studies, all suggest that these findings are not due to chance and represent real associations.
Our findings are consistent with a growing body of evidence that elevations in %MMA or MMA/DMA ratio are associated with increased risks various arsenic-related diseases (Smith and Steinmaus 2009 ). In several studies from parts of Taiwan and Bangladesh with historic arsenic concentrations >200 μg/L, people with higher %MMA or MMA/DMA ratios have had relative risks of arsenic-caused skin lesions, skin cancer, or bladder cancer that were 2-5 times higher than people with lower levels of these factors (Ahsan et al. 2007; Huang et al. 2008; Lindberg et al. 2008; McCarty et al. 2007; Pu et al. 2007 ). To date, only two studies have examined arsenic metabolism and lung cancer. In a case-control study involving only 45 lung cancer cases and 75 controls from an arsenic-exposed region in Argentina, our research group identified a lung cancer OR of 3.09 (95% CI, 1.08-8.81) in subjects with %MMA in the upper tertile compared to those in the lower two tertiles (Steinmaus et al. 2010) . In a prospective cohort study from an area in Taiwan with high arsenic water concentrations in the distant past, mortality hazard ratios (HR) for bladder cancer were above 1.0 in subjects with elevated %iAs (HR=3.53; 95% CI, 1.16-10.77) and %MMA (HR=1.77; 95% CI, 0.72-4.36), but HRs for lung cancer were lower (HR=0.85; 95% CI, 0.41-1.76 for %MMA ≥ 15.31% and HR=1.43; 95% CI, 0.66-3.14 for %iAs ≥ 7.86%) (Chung et al. 2013) . However, the data on past arsenic exposure in this study was ecologic and limited, and clear associations between arsenic water concentrations and lung cancer were not seen (e.g., lung cancer HR = 1.04; 95% CI, 0.43-2.48 for average arsenic water concentrations ≥710 μg/L). This is different from our study in that we collected detailed individual information on lifetime exposure, and clear arsenic-lung cancer associations were identified (i.e., lung cancer OR = 4.32; 95% CI, 2.60-7.17, for arsenic water concentrations >335 μg/L) .
Additional data supporting the biological plausibility of our findings comes from laboratory research showing that MMA3 is more acutely toxic in vitro than MMA5, DMA, and iAs (Styblo et al. 2002) . These data, combined with the human data linking %MMA to arsenicrelated health effects (Smith and Steinmaus 2009 ), provide some evidence that MMA, specifically MMA3, may be the primary toxic species of ingested inorganic arsenic. In our study, we were unable to assess the specific effects of MMA3 since it is rapidly oxidized to MMA5 and difficult to measure in field studies. This is consistent with a recent analysis of MMA3 in highly exposed children in Bangladesh, where urine MMA3 concentrations above 1 μg/L were only detected in 2 of 643 urine samples despite fairly high overall urine arsenic concentrations (mean = 80.9 μg/L; SD =134 μg/L), sample freezing at −70°C, and attempted binding with an arsenic chelating agent (Kalman et al. 2013) . Because MMA3 levels were low in our study, we assessed total MMA, that is, MMA3 and MMA5 combined. It is possible that total MMA is an accurate surrogate for MMA3, and that the associations we saw with cancer for total MMA are due to MMA3. If this is the case, any inaccuracies involved in using total MMA as a surrogate for MMA3 would likely bias ORs towards the null and the true ORs may actually be higher than those found in our study. To date, the degree to which total urinary MMA may be an accurate marker of MMA3 concentrations is unknown. Regardless, the in vitro evidence showing that MMA3 is highly toxic supports our findings linking MMA to increased cancer risks.
Our lung cancer findings are also supported by the large body of evidence showing that the human lung is a major target site of arsenic. Several studies have shown that arsenic accumulates in the lungs to a greater extent than in most other organs (Marafante et al. 1981; Vahter and Marafante 1983 ). This could be related to the high concentration of sulfhydrl groups found in lung tissue which are known to bind arsenic (NRC 1999) . Ingested arsenic is an established cause of lung cancer and many studies have also linked it to adverse nonmalignant effects in the lung, including respiratory symptoms, bronchiectasis, and decrements in pulmonary function (Dauphine et al. 2011; Guha Mazumder et al. 2005; Milton and Rahman 2002; Parvez et al. 2008) . With regards to the bladder, ingested arsenic is excreted in the urine through the bladder and is an established cause of bladder cancer. As a whole, these findings all provide evidence that ingested arsenic not only reaches the target organ sites we assessed but also causes toxicity there.
The ORs in our study changed relatively little after adjustments for various potential confounding factors. Residual confounding is possible but major confounding is not likely since we evaluated most of the more prevalent and important risk factors for lung and bladder cancer, including smoking and workplace exposures. Some dietary variables may be associated with both arsenic metabolism and lung cancer, but the impacts are generally small and unlikely to cause the 2-3-fold increases in risk we identified here (Cho et al. 2006; Gamble et al. 2005; Hsueh et al. 1997; Steinmaus et al. 1998) . In this study, and most other studies of arsenic metabolism and disease, urinary methylation patterns were assessed after disease diagnosis and assumed to be representative of subject's past methylation patterns. Several studies have assessed changes in methylation patterns in the same individuals over time, and most suggest that these patterns remain fairly stable over time Concha et al. 2002; Huang et al. 2009; Navas-Acien et al. 2009; ). In addition, evidence suggests that stable genetic factors play a more important role in determining inter-individual differences in methylation patterns than do factors that are likely to have greater day to day variability such as diet or smoking (Chung et al. 2002) . Despite this, some intra-individual variability in methylation patterns likely occurs and this could lead to some misclassification of past methylation patterns. However, because we collected and analyzed metabolites from cases and controls using the same protocols, the resulting bias would most likely be non-differential and towards the null, not towards the positive associations identified. Errors in our estimates of past arsenic exposure may have also occurred. However, as discussed above, there are few water sources in the study area, almost everyone lives in one of the cities and towns, and arsenic water concentrations are available for these cities and towns for the last 40 years or more. As such, past exposures can be accurately estimated simply by knowing the cities and towns in which the subject lived, information that is likely to be recalled with fairly good accuracy.
The assessment of methylation after cancer diagnosis also raises concerns about the temporal relationship between disease and methylation capacity. That is, the effects seen in our study and in most other studies of arsenic metabolism and disease might not be due to the impact of methylation patterns on disease, but rather, due to the impact of disease or disease treatment on methylation patterns. Currently, no data are available on the impact of severe chronic non-arsenic-related diseases on arsenic metabolism. However, several of the studies linking %MMA to arsenic susceptibility involve non-melanoma skin cancer, benign skin lesions, or chromosomal aberrations (Maki-Paakkanen et al. 1998; Smith and Steinmaus 2009 ), none of which would be expected to have significant systemic effects on metabolism. In addition, a few prospective cohort studies have assessed urine arsenic metabolic patterns before disease diagnosis, and have reported associations between %MMA and heart disease ) and bladder cancer (Huang et al. 2008) . Overall, the consistency of our findings with these studies and other data on biologic plausibility suggest our results represent the effects of %MMA on lung cancer risks, although the possibility that lung cancer affects %MMA can not be completely ruled out. A longitudinal cohort study with accurate data on past %MMA might be better able to establish temporality, although this type of study would be incredibly difficult given the 30 to 40 year (or longer) latency of arsenic-caused cancer (Marshall et al. 2007 ).
In conclusion, millions of people are exposed to arsenic worldwide and these exposures may be associated with high cancer risks. Our results add to a gradually expanding body of evidence that inter-individual differences in arsenic metabolism play an important role in arsenic-related disease, including lung cancer. Our findings also add new evidence that arsenic drinking water concentrations <200 μg/L may be associated with significantly increased cancer risks, especially in people who methylate arsenic poorly. Although the design of this study prevents us from confirming the temporal relationship between %MMA and lung cancer, the biologic plausibility of our results and their consistency with a variety of other research is evidence that our findings represent a true impact of MMA on lung cancer risks. Data such as these are important in identifying susceptible subpopulations who may need specific regulatory protection. Information on the particular toxic species of ingested arsenic may also help elucidate the mechanisms of arsenic-caused disease, which are currently unknown.
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Highlights
Urine arsenic metabolites were measured in cancer cases and controls from Chile.
Higher urine %MMA values were associated with increased lung and bladder cancer.
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